Background: Implantable cardioverter-defibrillators and cardiac resynchronization therapy-defibrillators (ICD/CRT-Ds) are evidencebased preventative treatments for many patients with heart failure (HF), yet large numbers of eligible patients remain untreated. It is uncertain if localities with more frequent ICD/CRT-D use have had better rates of HF survival.
I mplantable cardioverter-defibrillators (ICDs) and cardiac resynchronization therapy defibrillators (CRT-Ds) have been demonstrated in randomized, controlled trials to reduce mortality in patients with heart failure (HF) and reduced left ventricular ejection fraction. 1, 2 Although clinical trials demonstrating the benefits of ICDs/CRT-Ds mostly enrolled patients younger than age 65, 3 recent observational studies of ICD/CRT-D outcomes among clinically eligible elderly HF patients have confirmed ICDs/CRT-Ds also improve survival among patients older than 65 years of age. 4, 5 Guidelines have been jointly issued by the American Heart Association, American College of Cardiology and Heart Rhythm Society recommending "primary prevention" ICD/CRT-D implantation in all clinically eligible HF patients as a class IA indication. 6 In January 2005, the Centers for Medicare and Medicaid Services expanded coverage for ICDs to include device implantation for primary prevention, thereby reducing financial barriers to ICD/CRT-D receipt. 7 Despite the published evidence, guidelines, and favorable coverage decisions supporting primary prevention ICDs, growth in ICD/CRT-D volume has not risen to a level commensurate with the estimated size of the ICD-eligible HF population, 7, 8 suggesting a sizeable fraction of guidelineseligible patients are not receiving devices. 9 Quality-of-care initiatives for HF are increasingly focused on reducing the fraction of ICD-eligible HF patients who do not have an ICD. 10 However, the public health impact of primary prevention ICDs/CRT-Ds among nonexperimental HF patients nationwide is uncertain. 11 years has had relatively little impact on HF mortality, efforts to further increase the use of ICDs/CRT-Ds in this population would be questionable.
The primary goal of this study was to determine whether growth in the numbers of Medicare beneficiaries with HF receiving ICDs/CRT-Ds from 2002 to 2007 was associated with improvement in survival among these patients and to estimate the future public health impact of increasing ICD/CRT-D utilization in localities with persistently low ICD/CRT-D use.
METHODS

Overview
The study's analytical approach involved the assembly of annual (ie, 2002 to 2007) subcohorts of HF patients within 306 small US geographic areas. Patients initially were selected into subcohorts based on their being nonelectively hospitalized for HF. These patients were then matched within areas across all 6 years by demographic and clinical characteristics. The local rates of ICD/CRT-D utilization and 1-year survival in each annual HF subcohort were measured, and regression methods were used to estimate whether increasing ICD/CRT-D rates were associated with increasing survival.
Data
Data for this study were fee-for-service inpatient and outpatient institutional Medicare claims from 2001 to 2007. Medicare part A (inpatient) coverage is nearly universal for persons older than 65 years of age, and approximately 85% of Medicare beneficiaries are covered under fee-forservice; 12, 13 thus, these claims data are broadly representative of the elderly Medicare population nationwide. Although part B (outpatient/physician) coverage is not universal, we determined that the vast majority (>98%) of hospitalized elderly patients with HF carried part B coverage between 2001 and 2007, as would be expected in a population with a high level of anticipated health care utilization. Claims data for HF patients were linked to beneficiaries' demographic information and ZIP codes in Medicare's annual enrollment files.
Patients, Setting, and Exclusions
Patients in this study were Medicare beneficiaries aged 66 to 80 years, nonelectively hospitalized with a diagnosis of HF between 2002 and 2007. Medicare claims do not include clinical indicators of ICD/CRT-D appropriateness such as left ventricular ejection fraction, New York Heart Association class, or QRS (ie, left ventricular depolarization) duration, so the study population was instead selected from acutely hospitalized HF patients, who have relatively high rates of ICD/CRT-D eligibility. 9, 14 We restricted the cohort to patients older than the age of 66 because universal Medicare coverage begins at age 65, and therefore patients of 66 years and older were likely to have at least 1 year of antecedent health care claims that could be used to identify prior HF admissions, prior ICD/CRT-D implantation, and comorbidities. Patients older than 80 years of age were excluded as these patients have a high prevalence of HF 15 but frequently have compelling contraindications (eg, low life expectancy, dementia, etc.) to ICD/CRT-D implantation. 16 To ensure that we were only evaluating patients with no prior device therapy, patients were also excluded if they had any prior Medicare claim indicating ICD/CRT-D implantation or device replacement from January 1, 2001 until their index HF hospitalization date. Patients were also excluded if they had been diagnosed with metastatic cancer at any point during the 12 months before their index HF hospitalization.
Identifying Patients With HF, ICD/CRT-D Recipients, and Survival
To increase the probability that annual subcohorts of HF patients were reasonably uniform in their mortality risk across years, we excluded patients who had an HF hospitalization in the year before their index hospitalization, and we enrolled patients at their earliest hospital admission date of the calendar year, thus all patients were generally beginning an HF episode of care after a prolonged period without an HF. To create unambiguous time boundaries between annual cohorts, we included only those patients with an HF hospital admission date in the first 10 months of each calendar year. The vital status of each patient at 1 year and 2 years (excepting 2007 patients, for whom 2-year data were not available) after the admission date of the index hospitalization was determined from annual 2002 to 2008 Medicare Denominator files, which are linked to the Social Security Administration's Death Master File, and thus are reliable indicators of mortality. 17 Among the selected HF patients, ICD/CRT-D implantations were identified based on the appearance of procedure codes 00.51, 00.54, 37.94, or 37.96 occurring during the index hospitalization claim or on a subsequent inpatient or outpatient (ie, ambulatory surgical center) procedure claim, but no later than December 31 of the index hospitalization calendar year.
Geographic Unit of Analysis
The Dartmouth Atlas for Health Care's Hospital Referral Region (HRR), defined as a contiguous locality within which most interfacility cardiovascular referrals are contained, was used as the primary geographic unit of analysis. 18 
Propensity-Score Matching of Annual HRR HF Cohorts
To further increase the likelihood that annual HF cohorts were stable over time in terms of demographic and clinical characteristics, each HRR's HF patients selected by the methods described above were then matched across years using a propensity-score logistic regression model. 19, 20 This model's independent variables included age, race, and sex as indicated by Medicare enrollment data and comorbidity information coded on the index hospitalization claim and linked inpatient and outpatient claims from the 12 months before the index hospitalization. Specific comorbidities included in the model, identified using methods of Elixhauser et al, 21 were coronary artery disease, arrhythmias, valvular disease, diabetes, peripheral vascular disease, chronic liver disease, chronic kidney disease, chronic pulmonary disease, and nonmetastatic cancer. Receipt of an ICD/CRT-D was the dependent variable. The propensity-score regression model was estimated using HF patients from 2006 to 2007 only, as these years had the highest ICD/CRT-D rates. Coefficients derived from this model were then used to estimate a propensity score for each HF cohort patient from 2002 to 2007, and patients were subsequently matched within HRR across years by propensity score and minimal Mahalanobis distance between key covariates (ie, age, coronary artery disease, renal disease, and nonmetastatic cancer). Matching of patients across 2002 to 2007 was completed using a "closest match within calipers" strategy in groups of 6, with 1 patient selected from each year. Unmatched patients were excluded from subsequent analysis. These methods ultimately yielded 6 annual subcohorts of HF patients that were identically distributed geographically and that were closely matched across factors predictive of ICD/CRT-D receipt.
HRR-Level ICD/CRT-D Rates, Survival Rates, and Regression Analysis
Using matched HF patients only, for each HRR and year, the percentage of ICD/CRT-D recipients was calculated and also the percentage of patients alive at 1 and 2 years after index admission. The study's final analytical dataset thus comprised 6 consecutive annual observations of ICD/CRT-D rate and 1-year and 2-year HF survival rates for each of 306 HRRs, totaling 1836 HRR-year-level observations. An ordinary least squares panel regression model weighted by each HRR's matched HF population size was then estimated using this HRR-year-level data. The regression had 1-year survival as the dependent variable and ICD/ CRT-D rate as the key independent variable and HRR fixed effects to control for any non-time-dependent differences across HRRs and year fixed effects (ie, year dummy variables) to control for secular trends. 22 
Sensitivity Analysis
The assumption that any significant association at the HRR level between changes in ICD/CRT-D rate and changes in HF survival solely resulted from improved survival among ICD/CRT-D recipients was tested using a sensitivity analysis in which all ICD/CRT-D recipients and their matches were removed from the HF cohorts. Survival percentages at the HRR-year level were recalculated in these "reduced cohorts," and the regression models were reestimated using the reduced cohort survival percentages as dependent variables and the full cohort ICD/CRT-D rates as independent variables. This analysis revealed whether there was any residual association between ICD/CRT-D rates and the survival rates of non-ICD/CRT-D recipients, which would suggest the presence of residual confounding.
Projection of Improved Survival
To estimate the potential public health benefit of increasing ICD/CRT-D utilization in localities with low use, HRRs were divided into quintiles based on their ICD/CRT-D rates from 2006 to 2007, and the results of the regression model and the observed 2006 subcohort 2-year survival rates were used to project the number of premature deaths that might have been averted had ICD/CRT-D use been higher in HRRs with low ICD/CRT-D rates. In the first counterfactual projection, ICD/CRT-D utilization in the lowest 3 HRR quintiles from 2006 to 2007 was raised to the national average ICD/CRT-D rate. In the second counterfactual projection, ICD/CRT-D utilization in the lowest 4 quintiles of HRRs from 2006 to 2007 was raised to that of the top quintile.
Institutional Oversight and Statistical Software
The University of Pennsylvania's Institutional Review Board approved the study protocol. Statistical analyses were performed using SAS version 9.2 (Cary, NC) or STATA version 11.1 (College Station, TX).
RESULTS
Study population
We initially identified 919,323 patients with HF who met study entry criteria. After propensity-score matching, there were 147,167 patients included in each annual subcohort, totaling 883,002 patients across 6 years in the full study cohort. These 6 matched subcohorts were well balanced in terms of demographics, comorbidities, and propensity scores (Table 1) . Seventy-six percent of these patients had at least 1 prior outpatient HF diagnosis, with a median duration of diagnosed HF before the index hospital admission date equal to 24 months. The mean ICD/CRT-D rate in this cohort increased from 2.6% in 2002 to 7.0% in 2007 (P < 0.001).
Geographic Variation in ICD/CRT-D Utilization
There was substantial variation in the 2002 to 2007 change in ICD/CRT-D rates across HRRs, ranging from 0 to 12 percentage points. Comparisons of HRR characteristics across quintiles of HRRs ranked by the 2006 to 2007 ICD/ CRT-D rate indicated HRRs with the lowest rates of ICD/ CRT-D use had significantly lower population density, lower per capita income, fewer academic hospitals per capita, and fewer cardiologists per capita than HRRs with the highest ICD/CRT-D rates ( Table 2 ). Low-ICD-utilizing HRRs were relatively evenly distributed across the United States (Fig. 1) .
Changes in ICD/CRT-D Utilization and Changes in HF Mortality
The ordinary least squares regression model assessing the relationship between HRR ICD/CRT-D rates and HF mortality indicated a 1% increase in ICD/CRT-D rate was associated with a 0.12% increase in HF survival at 1 year [95% confidence interval (CI), 0.03%, 0.21%, P = 0.009]. When 2007 data were removed (2- year survival was unavailable for 2007 patients) and the model was reestimated with 2-year survival as the dependent variable, a 1% increase in an HRR's ICD/CRT-D rate was associated with a 0.26% increase in 2-year survival (95% CI, 0.14%, 0.37%, P < 0.001).
When the 1-year and 2-year survival regression models were reestimated with survival rates recalculated after ICD/ CRT-D patients and their matches had been removed from the cohort, ICD/CRT-D use was no longer significantly associated with improved survival-a 1% increase in ICD/ CRT-D use was associated with an 1-year survival increase of -0.05% (95% CI, À 0.15%, 0.05%, P = 0.31) and a 2-year survival increase of 0.05% (95% CI, À 0.08%, 0.18%, P = 0.41). These findings implied no residual association between the HRR ICD/CRT-D utilization rate and mortality in the remaining members of the cohort.
As a small fraction (5%) of patients appeared more than once in the cohort and this could have influenced the results, we reanalyzed the data by requiring all patients appear no more than once (ie, patients appearing in 2002 were ineligible from 2003 to 2007, etc.). The results were essentially unchanged.
Opportunities for Improving HF Outcomes
If the levels of ICD/CRT-D utilization in HRRs in the lower 3 quintiles of ICD/CRT-D use from 2006 to 2007 had been raised to the national average ICD/CRT-D rate, the regression model predicted that 405 premature deaths at 2 years would have been averted (Table 3) 
DISCUSSION
Localities with greater increases in ICD/CRT-D utilization among HF patients from 2002 to 2007 had greater reductions in HF mortality rates. The ICD/CRT-D effect on mortality we observed in our cohort was equivalent to a 0.65 (95% CI, 0.51, 0.88) relative risk of death for patients receiving ICDs/CRT-Ds (calculations in Appendix, Supplemental Digital Content 1, http://links.lww.com/MLR/A231). This is comparable to outcomes reported by the primary prevention ICD/CRT-D clinical trials-the MADIT-II trial's ICD/CRT-D relative risk was 0.69 (95% CI, 0.51,0.93), while the SCD-HeFT trial's relative risk was 0.77 (95% CI, 0.62, 0.96). Our similar results indicate that ICD/CRT-D use was associated with improved HF survival in a broadly defined, nationally representative nonexperimental HF population. Furthermore, sensitivity analysis demonstrated no relationship between the rate of ICD/CRT-D utilization and HF survival after removal of ICD/CRT-D recipients and their matched controls from the cohort, suggesting there were no unobservable confounders between high-ICD-use and low-ICD-use HRRs that could have otherwise explained the association between ICD/CRT-D rates and HF mortality rates.
We observed wide geographic variation in ICD/CRT-D utilization across HRRs, suggesting an important opportunity for improvement in HF outcomes, as demonstrated by our hypothetical projections. Although the projected number of lives saved by increasing ICD/CRT-D rates in our cohort was modest, this study's selection criteria necessarily formed a cohort that comprised only a small fraction of all ICDeligible HF patients nationwide. To the extent that ICD/ CRT-D utilization in our cohort was generalizable to all ICD-eligible HF patients, the potential number of premature deaths averted by increasing ICD/CRT-D rates in low-use localities may number in the several thousands.
Our findings suggest that ICDs/CRT-Ds were underused in many localities even several years after the publication of clinical trials, issuance of guidelines, and establishment of insurance coverage supporting the use of ICDs. Other investigators have reached similar conclusions: Bradfield et al 23 Geographic variation in technology utilization can be caused by overuse of unnecessary therapy and underuse of necessary therapy. 24 Nevertheless, our analysis found little evidence that high-use localities were on net, overusing ICDs, as this phenomenon would have reduced the observed survival benefit of ICDs/CRT-Ds in this study below the levels estimated by the ICD/CRT-D clinical trials. Overuse of ICDs/CRT-Ds was potentially inhibited by Medicare's requirements that ICD/CRT-D implantation be accompanied by data entry into a national registry that includes detailed clinical indications for device therapy. Although a recent analysis of national ICD registry data reported the possibility of inappropriate ICD use in some circumstances, prevalence estimates of low-ejection-fraction HF greatly exceed estimates of ICD utilization rates, 9, 25, 26 suggesting that in most localities it is likely that ICDs are underutilized rather than overutilized.
There are many plausible reasons for underutilization of ICDs. Implantation of an ICD/CRT-D remains a momentous decision for patients, particularly for those with no history of sudden cardiac death. 11 This is in part due to concerns regarding device safety and difficulties in quantifying the risks and benefits associated with primary prevention ICDs. Patients have significant concerns about the adverse effects of ICDs, particularly with regard to driving, sexual activity, and physical exertion. 27 In addition, clinicians caring for HF patients may be reluctant to screen for low ejection fraction and/or to refer otherwise appropriate patients for ICD/CRT-D implantation because of concerns about the potential for adverse clinical consequences from ICDs. 28 Geographic comparisons revealed that HRRs with low ICD/CRT-D use had significantly fewer cardiologists and fewer academic hospitals per capita. It is therefore possible that lower rates of ICD/CRT-D use resulted in part from some localities having fewer hospitals offering ICD services or fewer physicians who implanted the devices. Although there is little geographic variation across HRRs in the number of hospitals providing ICD/CRT-D implantation, it is also possible that academic centers with larger electrophysiology services were more likely to proactively identify appropriate candidates for primary prevention device therapy. Both of these possibilities are speculative, however, as our data could not establish a causal link between the availability of physician and hospital services and the likelihood of ICD implantation. 
LIMITATIONS
Due to the absence of the key clinical indicators for ICD/CRT-D eligibility in claims data, our study could not be restricted solely to patients who were clinically eligible for ICDs. Undoubtedly many patients in our cohorts were ineligible for ICDs; for example, 24% of patients in our cohort had no antecedent diagnosis of HF before hospitalization, and thus might have appropriately undergone a trial of HF pharmacotherapy before consideration for ICD/CRT-D implantation. Although the combination of our patient selection criteria and our propensity-score match was designed to produce highly similar annual subcohorts of HF patients within each HRR, and thus the proportion of ICD-eligible patients would likely be constant across years, it remains possible that this proportion changed with time. If the proportion of ICD-eligible patients grew more quickly in some HRRs than others, this potentially would explain higher ICD/CRT-D use in these areas. However, it is less clear how an HRR with a rising proportion of ICD-eligible patients among its HF population would simultaneously have improving HF survival, as clinical eligibility for ICDs/CRT-Ds and cardiac resynchronization therapy is generally associated with more advanced HF and worse long-term survival. It is also possible that HRRs with higher rates of ICD/ CRT-D utilization had simultaneous improvements in the health of their HF populations, either due to medical therapies correlated with higher ICD/CRT-D use (eg, increasing use of b-blockers) or other factors that could have affected HF population health (eg, declining smoking rates). If so, rising ICD/CRT-D utilization in an HRR may have been a proxy for improvements in the general quality of HF care. However, there are few published data suggesting that utilization of evidence-based HF therapies other than devices increased dramatically from 2002 to 2007, thus there is no strong empirical reason to believe that other aspects of health care produced the observed results.
Our analysis could have potentially been specified as a patient-level survival analysis as opposed to a HRR-yearlevel analysis. However, the time-varying effect of the changing ICD rate on each patient complicates interpretation of these models. Furthermore, it is unlikely that the HRRlevel ICD frequency was uniformly influential on each patient's likelihood of receiving an ICD. Our selected approach avoided both of these analytical difficulties.
Finally, although we observed that increasing ICD/ CRT-D utilization was associated with reduction in HF mortality among large populations of Medicare beneficiaries, it is unlikely that this relationship would continue to hold as the percentage of HF patients receiving ICDs/CRT-Ds increasingly included patients who were clinically ineligible. Were ICDs/CRT-Ds to be increasingly used in such patients, who have reduced potential for clinical benefit from therapy, HF mortality rates associated with ICD/CRT-D use would decline more slowly, remain stable, or potentially increase.
SUMMARY
Localities with higher growth of ICD/CRT-D utilization between 2002 and 2007 had more pronounced declines in HF mortality rates during this period than areas with lower ICD/CRT-D growth rates. These findings were not explained by time-invariant differences across localities, baseline differences in the health of HF patients or temporal changes in mortality risk. This finding may signal an important opportunity to improve survival in HF patients living in areas with low rates of ICD/CRT-D utilization.
